in the condensation process allows producing various structures of a specific material from amorphous up to crystalline ones. Meanwhile, the size and the shape of the crystals vary depending on the energy. This work is aimed at finding the features of the structural-phase state and magnetic properties of nanoparticles based on ferrites, produced in the low pressure plasma arc discharge.
Materials and methods.
The phase composition of the samples was investigated using the Advance D8 X-ray diffractometer in monochromatic CuKα radiation. The scanning was carried out at room temperature in the angular range 30-120 deg in 2θ with a step of 0.04 deg.
The microstructure of the produced nanoparticles was analyzed by using JEOL JEM-2100 transmission electron microscope (at an accelerating voltage of 200 keV). The samples for the electron microscopy study were prepared as follows: the powder was placed in isopropyl alcohol and then it was dispersed in an ultrasonic bath for 2 minutes, and a solution drop was then placed on a carbon film substrate, located on an electron-microscopic supporting grid. The carbon film substrate was 10-15 nm thick.
The magnetic properties of nanopowder were analyzed using vibrating magnetometry by means of a universal strong field measuring system Cryogenic at room temperature in the magnetic fields of 0 ± 20,000 Oe. The range of the field stabilization was 1 Oe. The saturation magnetization Ms was analyzed by extrapolating the function M(H -1 ) at 1/H → 0 as described in [18] .
Mössbauer studies of the alloys were carried out at 78 K and 294 K by means of nuclear gamma resonance spectrometer of electrodynamic type in a constant acceleration mode with 57 Co/ Rh source. In order to calibrate the isomer shifts and speed scale, α-Fe foil was used at 294 K.
The experimental setup along with the dependence of the powder properties on the conditions of sputtering was considered in detail in [19] . The arc evaporator had the following characteristics: an arc current was 100 A and arc stabilization on the cathode surface was carried out by means of an electrostatic screen. A cathode, made of iron (99,99), was used as a sputtering cathode. In order to begin plasma chemical reactions, the chamber was preliminary pumped out to a pressure of 1 mPa and then it was filled by a gas mixture containing 30%О 2 +70%Ar. Plasma-chemical synthesis was carried out under the gas mixture pressure of 70
Pa. The cathode was heated to 500 K before evaporation. The powders were produced under these pressures for 10 min. The produced powder was condensed and collected on a cooled substrate made of stainless steel. The substrate temperature remained constant at 300 K. Below describes the operating parameters of the reactor during the synthesis. Results and discussion. Figure 1 shows images of high-resolution transmission electron microscopy, the particle distribution diagrams and the density functions of the size distribution of nanoparticles being produced. It is easy to conclude from the above results, that the produced powder represents strongly agglomerated particles of spherical shape. The particle size ranges from 5 to 20 nm. The combination of normal and log-normal size distribution are characterized for these particles. This suggests two competing mechanisms of particle condensation from steam-plasma phase: cluster condensation and steam condensation. The given mixed density function represents the sum of density functions of lognormal and normal distribution with adjustable parameters. As can be seen from the figure above, this function describes the particle size distribution much better. The 4 average particle size was 9.4 nm, the mean mass particle size was 10.2 nm and the standard deviation was 1.18.
Nanopowders are characterized by a high surface energy, which is balanced out by a significant aggregation of powders, which causes a significant reduction in the specific surface.
It is well known [20] ,that particle size distribution function is directly related to the process of nanoparticles formation. The distribution function can differ significantly for the different methods of nanopowders production. There are two main mechanisms for nanoparticles formation: diffusive and coagulative.
Since nanoparticle synthesis in plasmachemical reactor is always accompanied by chemical processes, so the size distribution function of nanoparticles gets more complicated because of the products of these reactions. The morphology of the particles also gets more complicated and particles of different chemical composition are formed. Besides, mutual diffusion of nanoparticles in the condensed phase occurs. Under the sufficiently high temperature, multiple processes can occur simultaneously, forming the strong coupling between nanoparticles. The experimental data are described by a normal distribution within prevailing of nanoparticles layered growth due to the adsorption of atoms and diffusion processes during the atomic mass transfer at the interface [21] .
The X-ray diffraction pattern for the values of 2θ in the range from 25° to 65° is shown in The analysis revealed that the spectra of the produced nanopowders, containing dispersed particles with an average size of about 9 nm, were sufficiently symmetric relative to its "center", and were characterized by large width of the lines. The spectrum processing was carried out using the simultaneous model decoding of the quadrupole doublet and the distribution analysis of hyperfine magnetic field (Table 2) . Mössbauer spectrum represents a superposition of doublets: the intense doublet located in the central part, the low intensity doublet and two low- magnetically ordered and magnetically disordered, leading to both strengthening and weakening the value of the exchange interaction.
The appearance of the quadrupole doublet is most probably related to the formation of a new phase on a surface of nanocomposite particles; however, the contribution of superparamagnetic relaxation should also be viewed.
Mössbauer spectra measurements were performed at a temperature of 5 K for a more precise identification of the iron atoms phase (Fig. 3, c) . 4 , where x are the number of vacancies [21] . The presence of these structural defects probably explains the observed difference in the relative intensities of certain lines on the experimental and simulated (calculated) powders diffraction patterns.
Mössbauer measurements were carried out at a temperature of 78 K ( ig. , b). The spectra represent the Zeeman sextets with the widened lines characteristic of superparamagnetic particles. The more is the temperature of spectrum measurement the broader are the lines of magnetic hyperfine structure being observed. This is explained by an increase in the frequency of superpamagnetic relaxation due to the increased energy of thermal fluctuations of the magnetic moment. The analysis of the spectra showed that the effective magnetic field on the nucleus is decreased, which is characterized by a shift of the hyperfine structure components to the center of the spectrum. A specific shift of the maximum location in the hyperfine magnetic field distribution at the nucleus area was observed. The values of a hyperfine parameter α, equal to the ratio of the energy of magneto-crystalline anisotropy to the energy of thermal fluctuations of magnetic moment / Б , were obtained from the low-temperature studies. The evaluation of particle size was carried out based on these studies. The nanocomposite particle sizes d = 10.5 ± 0.1 nm were estimated within the model of spherical particles with a diameter and by using the model for the effective anisotropy constant [25] .
Zero-field-cooled (ZFC) magnetization and field-cooled (FC) magnetization were measured at applied field 100 Oe (Figure 4 ). way [26] . It should be noted that the peak on the temperature ZFC-dependence of magnetization is narrow enough, indicating small distribution of particles by sizes and absence of a magnetic interaction between the nanoparticles in the ensemble. Figure 5 shows the dependence of the magnetization on the applied magnetic field at temperatures of 10 and 150 K.
It is quite clear, that at 10 K the magnetic hysteresis curve is seen, which is characteristic for ferromagnetic materials possessing a coercive force of H c = 360 Oe and a ratio of residual magnetization to saturation magnetization (R = M R /M S ) of approximately 0.26. The increase in the measurement temperature leads to a decrease of the coercive force to zero, while the sample exhibits superparamagnetic properties. The relatively low value of R in accordance with [27] means that the system should be antiferromagnetic and interaction between the nanoparticles occurs. Furthermore, the produced nanoparticles have less value of M s than that of the particles with large volume. Authors of [28] found a linear relationship between parameter M s and sizes of the nanoparticles; they explained it by the highly developed surface. According to the studies of the specific surface, there is a clusters layer of ~ 2 nm in size on each nanoparticle, which partially prevents dipole-dipole interaction between particles, despite their strong agglomeration.
Conclusion.
The peculiarities of plasma-chemical synthesis of ferrite nanoparticles in the plasma of low pressure, related to the mixed nature of condensation, have been found.
Transmission electron microscopy, X-ray diffraction and specific surface measurements showed that the particles have an average size of 9.4 nm and a highly developed surface with a thickness of 2 nm. Mössbauer studies at temperatures of 4.2 K, 78 K and 300 K confirmed phase composition and particle size distribution of the produced nanoparticles and showed that the particles remained to possess superparamagnetic properties in a wide range of temperatures.
Vibration magnetometry studies revealed a transition from ferromagnetic to superparamagnetic state of nanoparticles and allowed to find the blocking temperature of 89 K and the coercive force H c = 360 Oe. The investigation of the ZFC and FC magnetization as function of temperature were measured at applied field 100 Oe showed the absence of bifurcation point in the analyzed range. The produced nanomaterial has a potential to be used for high-temperature superconductors synthesis.
